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Many human diseases are caused by dysregulated gene expres-
sion. The oversupply of transcription factors may be required for
the growth and metastatic behavior of human cancers. Cell per-
meable small molecules that can be programmed to disrupt tran-
scription factor-DNA interfaces could silence aberrant gene expres-
sion pathways. Pyrrole-imidazole polyamides are DNA minor-
groove binding molecules that are programmable for a large
repertoire of DNA motifs. A high resolution X-ray crystal structure
of an 8-ring cyclic Py/Im polyamide bound to the central 6 bp of the
sequence d(5-CCAGGCCTGG-3)2 reveals a 4 Å widening of the
minor groove and compression of the major groove along with a
>18 ° bend in the helix axis toward the major groove. This
allosteric perturbation of the DNA helix provides a molecular basis
for disruption of transcription factor-DNA interfaces by small
molecules, a minimum step in chemical control of gene networks.
DNA binders  gene regulation  minor groove binders 
Py-Im polyamides  crystal structure
Py/Im polyamides bind the minor groove of DNA sequencespecifically (1, 2), encoded by side-by-side arrangements of
N-methylpyrrole (Py) and N-methylimidazole (Im) carboxamide
monomers. Im/Py pairs distinguish GC from CG base pairs,
whereas Py/Py pairs are degenerate for TA and AT (3–6).
Antiparallel Py/Im strands are connected by a -aminobutyric
acid (GABA) linker to create hairpin-shaped oligomers. Hairpin
Py/Im polyamides have been programmed to bind a broad library
of different DNA sequences (7). They have been shown to
permeate cell membranes (8–10), access chromatin (11, 12), and
disrupt protein-DNA interactions (2). Disruption of transcrip-
tion factor-DNA interfaces 6 bp in size such as HIF-1 (13–15),
androgen receptor (AR) (16), and AP-1 (17, 18) have been
exploited for controlling expression of medically relevant genes
such as VEGF, PSA, TGF-1, and LOX-1 in cell culture
experiments (13–18). X-ray crystallography of antiparallel 2:1
binding polyamides in complex with DNA reveal a 1–2 Å
widening of the minor groove (5, 6). This modest structural
perturbation to the DNA helix by the side-by-side stacked
arrangement of aromatic rings does not explain the large number
of transcription factor-DNA interfaces disrupted by minor-
groove binding hairpin Py/Im polyamides (2, 5, 6, 19). It must be
that the turn unit in the hairpin oligomer connecting the 2
antiparallel strands plays a structural role.
NMR studies of hairpin polyamide-DNA complexes have
provided valuable insight into polyamide binding site location,
stoichiometry, and binding orientation (20–22). An NMR struc-
ture of a 6-ring GABA-linked cyclic polyamide has confirmed
DNA binding and orientational preference. However, little
difference in minor groove width compared to ideal B-form
DNA is observed when measuring C1 to C1 distances in these
models. In addition, the lack of identical DNA structures without
polyamide ligand have prevented detailed structural compari-
sons (23). X-ray structures of hairpin polyamides bound to the
nucleosome core particle (NCP) at modest resolution (2 Å)
have revealed a widening of the minor groove (average 2 Å)
upon polyamide binding (24, 25).* Interestingly, large perturba-
tions were observed distal to the polyamide binding sites in
addition to long-range structural changes in the NCP. However,
given the modest resolution and disorder (high B-factors) in the
polyamide binding regions of the NCP-polyamide structures
coupled with the perturbations induced by nucleosome bound
DNA, there is a pressing need for higher resolution crystallo-
graphic studies to elucidate DNA structural distortions and
molecular recognition details of polyamide-DNA binders at
atomic resolution. High-resolution structural studies of poly-
amide-DNA complexes in the absence of nucleosome bound
DNA are needed to adequately evaluate DNA perturbations
induced by polyamide minor groove binding that result in the
inhibition of transcription factors bound to the DNA major
groove.
The DNA structural alterations imparted upon polyamide
binding can be classified as direct perturbations to the polyamide
minor groove binding site, proximal allosteric perturbations, and
distal allosteric perturbations. Proximal allosteric perturbations
occur primarily in the major groove as a result of polyamide
binding to the minor groove, whereas distal allosteric perturba-
tions occur outside of the binding site location displaced in the
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Fig. 1. Chemical structure of the cyclic polyamide and DNA sequence. Cyclic
polyamide 1 targeting the sequence 5-WGGCCW-3 shown with ball-and-stick
modelsuperimposedontotheDNAoligonucleotideusedforcrystallization.Black
circles represent imidazoles, open circles represent pyrroles, and ammonium
substituted half circles at each end represent the (R)--amine--turn.






3 or 5 direction. NCP-polyamide structures have demonstrated
the possibility of distal allosteric perturbations at moderate
resolution (24); however, direct perturbations and proximal
allosteric DNA perturbations relevant to transcription factor
inhibition have not been characterized at atomic resolution.
Here we report the atomic resolution structure (1.18 Å
resolution) of an 8-ring cyclic polyamide in complex with double
helical DNA. The cyclic polyamide 1 is comprised of two
antiparallel ImImPyPy strands capped at both ends by (R)--
amino- turn units. Polyamide 1, which codes for the sequence
Fig. 2. ComparisonofnativeDNAtopolyamide/DNAcomplex. (A) NativeDNAcrystal structureat 0.98Å resolution. (B) Comparison toDNA/polyamide co-crystal
structure at 1.18Å resolution. (Both structure solvedbydirectmethods.) (C) Analysis of nativeDNA (yellow) compared topolyamide complexedDNA (blue). Chart
on the top left shows variation in the minor groove width for native DNA (yellow) and polyamide-complexed DNA (blue) over the central core sequence
5-GGCC-3. Chart on the bottom left shows variation in the major groove width for native DNA (yellow) and polyamide complexed DNA (blue) over the central
core sequence 5-GGCC-3. Overlay of the curves calculated geometric helix model from each structure showing a DNA bend of 18° in the polyamide/DNA
complex compared to native DNA.
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5-WGGCCW-3, was co-crystallized with the palindromic DNA
oligonucleotide sequence 5-CCAGGCICTGG-3 10 bp in
length (Fig. 1 and Figs. S1 and S2). Compared with free DNA,
we observe significant structural changes of the DNA helix
induced upon binding of the 8-ring cycle in the minor groove.
Results and Discussion
In the complex, each ImImPyPy strand is bound with N- to C-
orientation aligned with the 5 to 3 direction of the DNA. The
cyclic polyamide 1 rigidifies the sugar-phosphate backbone and
strongly perturbs the overall helix structure. The cycle widens the
minor groove of DNA up to 4 Å while simultaneously compress-
ing themajor groove by 4 Å. The polyamide bends the DNA helix
18° toward the major groove, and shortening the overall length
by1 Å. The cycle is a sequence specific allosteric modulator of
DNA conformation (Fig. 2) (26).
Py/Im polyamides linked by a GABA or substituted GABA
can adopt either of two possible conformations on the floor of
the DNA minor groove (Fig. 3). In conformation A the amino
group is directed toward the minor-groove wall of the DNA helix
with the potential for steric clash with the deoxyribose backbone.
In alternative conformation B the amine is directed up and out
of the minor groove forcing the -methylene to the floor of the
minor groove with the potential for steric interaction with the
edge of the base pairs and within van der Waals contact distance
of the C2 hydrogen of adenine. We observe the latter confor-
mation B in our high resolution X-ray structure at both ends of
the complex (Fig. 3). It is possible that there is an intrinsic
preference for conformation A, which relieves the -methylene
interaction with the floor of the minor groove. For turn substi-
tution at the -position, however, interaction with the minor-
groove wall becomes the dominant steric interaction, leading to
conformational inversion. Fig. 3 presents a view of the complex
looking down the minor groove directly at the hairpin turn unit.
Significant van der Waals interactions can be observed between
the outside face of the pyrrole-imidazole strands and the walls of
the minor groove, which form a deep binding pocket for the
cycle. Approximately 40% of the polyamide surface area is
buried, leaving only the top of the methyl groups on the
heterocycles, the amide carbonyl oxygens, and the chiral -am-
monium turn solvent exposed. A detailed view of the -amino-
-turn conformation and hydration reveal a network of well-
ordered water-mediated interactions between the polyamide and
the minor groove floor of DNA.
The conformational constraints imposed by the turn unit
result in ring placement that is an intermediate of ring-over-ring
and ring-over-amide. This alignment allows the ring pairs to
remain in phase with the edges of the Watson-Crick base pairs
as the polyamide adopts an isohelical conformation complemen-
tary to DNA helix. This is highlighted by comparison to the 2:1
structure in which the rings lie over the carboxamide linkages of
the adjacent strand (5). The conformational constraints imposed
by the turn and inability of the ligand to slip into a possibly more
preferred orientation may impact the overall DNA structure by
inducing bending and other distortions accommodated by the
plasticity of DNA. The preorganized cycle may have a significant
entropic driving force leading to increased affinity by locking out
unproductive conformations and alternate binding modes. In
addition, we find a shell of highly ordered water molecules
around the -ammonium substituent and a water-mediated
hydrogen bond from the ammonium to the N3 lone-pair of the
adenine under the turn. The hydration pattern around the turn
is highly conserved at both ends of the structure and the
water-mediated hydrogen bonds are within2.7–2.9 Å from the
ammonium to water to the adenine lone-pair (Fig. 4A).
The amide NHs and imidazole lone-pairs form a continuous
series of direct hydrogen bonds to the floor of the DNA
minor-groove, while the imidazoles impart specificity for the
exocyclic amine of guanine through relief of a steric interaction
and a G(N2-hydrogen)-Im (lone-pair) hydrogen bond. The
amides linking the aromatic rings and the turns contribute
hydrogen bonds to the purine N3 and pyrimidine O2 lone-pairs.
All amides are within hydrogen bonding distance of a single
DNA base (3.0 Å average; Figs. S3 and S4). In all, there are
10 direct amide hydrogen bonds (average distance  2.97 Å), 4
direct imidazole hydrogen bonds (2 terminal average distance
3.27 Å and 2 internal average distance  3.05 Å), and 2
(R)--ammonium turn water-mediated hydrogen bonds (aver-
age distance amine to water 2.75 Å and average distance from
the water to adenine N3 2.98 Å) to the floor of the DNAminor
groove with at least 1 interaction for all 12 DNA base pairs in the
6-bp binding site for a total of 16 hydrogen bond interactions
between the cyclic polyamide and the floor of the DNA minor-
groove. These 16 hydrogen bonds use every heteroatom of the
polyamide presented to the floor of the DNA minor-groove,
which exactly matches the total number of Watson-Crick hydro-
gen bonds between all of the DNA base pairs in the 6-bp binding
site (Fig. S5). In addition to these 16 hydrogen bonds, we find
Fig. 3. Conformation of the -amino substituted GABA turn. Two possible Conformations A and B are shown with conformation A directing the -methylene
up and away from the minor groove floor while orienting the -ammonium toward the minor groove wall. Conformation B presents the -methylene down
toward theminor-groove floorwhile orienting the -ammoniumup and out of theminor-groove, relieving possible steric interactionwith the sugar-phosphate
backbone (minor-groovewall). View lookingdown theDNAminor-groove, showing the (R)--amine--turn conformationobserved in theX-ray crystal structure,
which matches that of conformation B. Electron density map is contoured at the 1.0  level.






unique weak interactions in the form of lone-pair- interactions
(27, 28) between the center of the leading imidazole ring and the
lone-pair of the adjacent deoxyribose O4 oxygen (Fig. 4D and
E). This interaction is only observed for the terminal imidazole
aromatic ring. Analysis of qualitative electrostatic potential
surfaces substantiates the electropositive nature of the imidazole
when buried in the minor groove of DNA and electrostatically
preturbed by specific interaction of the lone-pair with the
exocyclic amine of guanine (Fig. 4 and Fig. S6) (29).
The crystal structure highlights the DNA structural distortion
induced upon polyamide minor-groove binding and provides an
allosteric model for disrupting transcription factor-DNA inter-
faces in the promoters of selected genes. Allosteric control over
transcription factor regulatory networks (30–32) by small mol-
ecules that bind distinct locations on promoter DNA provides a
mechanism for inhibiting excess transcription factor activity (1,
2, 19, 33).
Materials and Methods
General. Chemicals and solvents were purchased from Sigma-Aldrich and
Hampton Research and were used without further purification. Water (18
M) was purified using a Millipore MilliQ purification system. Analytical
high-performance liquid chromatography (HPLC) analysiswas conducted on a
Beckman Gold instrument equipped with a Phenomenex Gemini analytical
column (250  4.6 mm, 5 m), a diode array detector, and the mobile phase
consisted of a gradient of acetonitrile (MeCN) in 0.1% (vol/vol) aqueous
trifluoroacetic acid (TFA). PreparativeHPLCwasperformedonanAgilent 1200
system equipped with a solvent degasser, diode array detector, and a Phe-
nomenexGemini column (5-mparticle size, C18 110A, 250 21.2mm, 5m).
A gradient of MeCN in 0.1% (vol/vol) aqueous TFA was used as the mobile
phase. UV-Vis measurements were made on a Hewlett-Packard diode array
spectrophotometer (Model 8452 A) and polyamide concentrationsweremea-
sured in 0.1% (vol/vol) aqueous TFA using an extinction coefficient of 69,200
M1cm1 at max near 310 nm. Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) was performed on an
Applied Biosystems Voyager DR Pro spectrometer using -cyano-4-hydroxy-
cinnamic acid as matrix.
Fig. 4. Direct andwater-mediatednoncovalentmolecular recognition interactions. (A) Geometry of the-amino turn interactingwith theATbasepair through
water-mediated hydrogen bonding interactions. Structural basis for the turn preference for AT versus GC is demonstrated by the -methylene conformational
preference, which points down toward the DNA minor-groove floor within van der Waals contact distance of the adenine base. (B) Isolated view of one-half
of the macrocyclic-polyamide showing hydrogen bond distances made to the DNA minor groove floor by the imidazoles and amides of compound 1. (C) Im-Py
pair showing the mechanism for GC specificity. (D) Interaction of the O4 oxygen of a deoxyribose sugar with the terminal imidazole aromatic ring through a
lone-pair- interaction. The sugar conformation is C2-endo at the N-terminal imidazole of the polyamide with the sugar oxygen lone-pair pointing directly to
the centroid of the imidazole ring. The distance between the sugar oxygen and the ring centroid is 2.90 Å, which is less than the sum of the van der Waals radii
to any atom in the imidazole ring. Electrostatic potential maps calculated at the HF/3–21g* level of theory show the slightly electropositive nature of the
imidazole ring under these conditions (Fig. S6). (E) View of the O4 deoxyribose oxygen atom looking through the imidazole ring showing the ring centroid
superimposed on the oxygen atom. All distances are reported in angstroms (Å), and all electron density maps are contoured at the 1.0  level (Im, imidazole;
Py, pyrrole).
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Synthesis and Purification. Polyamide 1 was synthesized by solid-phase syn-
thesis methods (34, 35) on oxime resin (SI Text and Fig. S1) and purified by
reverse-phase HPLC (Fig. S2).
Oligonucleotide Purification and Crystallization. Oligonucleotides were pur-
chased HPLC-purified from Trilink Biotechnologies. Before use, oligonucleo-
tides were de-salted using aWaters Sep-Pak cartridge (5 g, C-18 sorbent). The
Sep-Pakwasprewashedwithacetonitrile (25mL, 3) followedbyMilliQwater
(25mL, 3). The oligonucleotide was dissolved in 5mL 2.0MNaCl and loaded
directly onto the sorbent followed by awashwith 5mL 2.0MNaCl and 250mL
MilliQwater. Theoligonucleotidewaselutedwithacetonitrile:water (1:1) and
lyophilized to dryness. Single strand DNAwas quantitated by UV-Vis spectros-
copy.Crystalswereobtainedafter 2–8weeks fromasolutionof0.5mMduplex
DNA, 0.65 mM polyamide, 21% 2-methyl-2,4-pentanediol (MPD), 35 mM
calcium acetate, 10 mM Tris, pH 7.5, equilibrated in sitting drops against a
reservoir of 35% MPD at 4 °C. Crystals were collected in Hampton nylon
CryoLoops (10 m, 0.1 mm) and flash-cooled to 100 K before data collection.
Polyamides Data Collection, Structure determination, and Refinement. Poly-
amide-DNA crystals grew in space group P1 with unit cell dimensions a 
22.500, b  25.140, c  29.090,   66.53,   79.28,   79.57, and 1
polyamide-duplex DNA complex in the asymmetric unit. This data set was
collected at Stanford Synchrotron Radiation Laboratory (SSRL) beamline 12–2
with aMAR Research imaging plate detector at wavelength 0.97 Å. DNA only
crystals grew in space group C2 (C 1 2 1) with unit cell dimensions a 31.827,
b  25.636, c  34.173,   90,   116.72,   90, and 1 DNA strand in the
asymmetric unit. This data setwas collected at SSRLbeamline 11–1with aMAR
Research imaging plate detector at wavelength 0.999 Å (Table S1).
Data were processed with MOSFLM (36) and SCALA (37) from the CCP4 suite
of programs (37). Both crystals were solved by direct methods using the SHELX
suite of programs (SHELXD) (38, 39). Model building and structure refinement
was done with Coot (40) and REFMAC5 (41). The final polyamide-DNA complex
was refinedtoanRfactorof9.8%andanRfreeof13.6%.ThefinalDNAstructure
was refined to an R factor of 10.9%and an Rfree of 14.3%. Anisotropic B factors
were refined in the final stages and riding hydrogens included (Table S1).
Structure Analysis and Figure Preparation. DNA helical parameters were cal-
culated using the programCurves (42).Molecular electrostatic potentialmaps
were calculated at the HF/3–21g* level using the Gamess program (Fig. S6)
(43–45). Distance measurements and least squares fitting procedures for
ring-centroid measurements were performed using UCSF Chimera (46) and
Mercury (47). Structural figures were prepared using UCSF Chimera.
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